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1.  INTRODUCTION 


The  quest  for  replacements  for  the  halon  fire-extinguishing  agents  has  led  to  several  different  classes 
of  chemical  compounds.  One  class,  called  perfluorocarbons  (PFCs),  may  possibly  be  useful  as  halon 
replacements.  The  PFCs  are  attractive  because  they  fulfill  several  requirements  for  acceptable  halon 
replacements — zero  ozone  depletion  potential  (ODP),  very  low  toxicity,  and  good  physical  properties 
(boiling  points,  freezing  points,  and  densities).  However,  the  PFCs  are  not  expected  to  be  as  efficient  as 
halon  in  extinguishing  fires,  since  the  PFCs  are  not  able  to  act  as  chemical  fire-extinguishing  agents. 

Materials  are  said  to  be  chemical  fire-extinguishing  agents  if  they  react  to  remove  active  chemical 
species  (free  radicals)  from  the  flame.  The  removal  of  active  species  must  be  catalytic,  with  a  given  agent 
molecule  being  capable  of  destroying  several  active  free  radicals.  A  one-to-one  removal  (one  agent 
molecule  removing  one  free  radical)  does  not  qualify  the  agent  as  a  chemical  agent.  Thus,  in  the  case  of 
Halon  1301, 


CF3Br  +  H  •  CF3  •  +  HBr 

(1) 

HBr  +  H  •  ->  H2  +  Br  • 

(2) 

Br  •  +  Br  •  +  M  — >  Br2+  M* 

(3) 

Br2  -1-  H  •  ^  HBr  -1-  Br  • 

(4) 

adding  (2),  (3),  and  (4)  gives 

H  •  -I-  H  •  ->  H2 

Hydrogen  atoms,  essential  to  flame  chemistry,  are  forced  to  combine,  yielding  the  much  less  reactive  H2 
molecule.  The  HBr  (hydrogen  bromide)  catalytically  causes  this  combination  of  hydrogen  atoms.  Since 
HBr  is  not  consumed,  it  can  be  responsible  for  the  removal  of  many  hydrogen  atoms. 

In  the  case  of  a  PFC,  perfluorobutane  (C4FJQ), 

C4F10  +  H  •  C4F9  .  +  HF  (5) 
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the  H  to  F  bond  is  too  strong  (135  kcal/mole)  to  be  broken  by  reaction  with  a  hydrogen  atom  (Finnerty 
and  Dehn  1994).  Thus,  HF  (hydrogen  fluoride),  which  does  not  cause  catalytic  removal  of  hydrogen 
atoms,  is  a  final  product. 

The  PFCs  act  primarily  as  physical  agents,  removing  heat  from  the  flame  zone,  lowering  the  flame 
temperature  until  extinguishment  occurs.  The  lack  of  a  bromine  atom  in  the  molecule  means  that  the 
PFCs  are  not  efficient  chemical  fire-extinguishing  agents.  Reliance  on  a  physical  heat-removing 
mechanism  means  that  a  higher  concentration  is  required  than  is  needed  with  halon  and  there  is  an 
expected  longer  time  required  to  extinguish  fires.  Therefore,  it  follows  that  there  should  be  a  greater 
amoimt  of  pyrolysis  of  the  PFCs  during  extinguishment  than  was  found  with  halons.  Indeed,  it  has  been 
reported  that  more  HF  is  produced  when  PFC  agents  are  used  than  when  halons  are  used  to  extinguish 
fires  (Sheinson  et  al.  1994). 

It  is  not  obvious,  however,  that  there  should  be  an  excess  of  HF  production  when  PFCs  are  used  in 
inerting  scenarios,  as  distinguished  from  fire-extinguishing  scenarios.  If  enough  PFC  is  present  in  a  fiiel- 
air  mixture  before  ignition  occurs,  the  ignition  hot  spot  (kernel)  may  be  quenched  virtually  immediately 
due  to  heat  extraction  from  the  ignition  kernel  (Finnerty  and  Dehn  1994).  Very  little  chemical  reaction 
should  occur,  so  very  little  HF  should  be  formed.  If  this  is  true,  PFCs  can  be  very  useful  as  inerting 
agents,  but  may  pose  toxic  product  problems  when  used  to  extinguish  large  fires. 

Figure  la  is  a  representation  of  what  occurs  when  an  ignition  source  is  brought  into  contact  with  a 
fuel-air  mixture.  The  mixture  explodes,  and,  if  conditions  of  availability  of  fuel  vapors  and  air  are  met, 
a  sustained  fire  commences. 

Figure  lb  is  a  representation  of  what  occurs  when  an  ignition  source  is  brought  into  contact  with  a 
fuel-air-heat  absorbing  agent  mixture.  The  ignition  process  fails  because  heat  is  removed  from  the  ignition 
kernel  so  rapidly,  that  the  temperature  falls  below  the  minimum  required  for  growth  into  an  explosion. 
The  small  ignition  kernel  has  a  high  surface-to-volume  ratio.  Heat  is  removed  from  the  kernel  at  the 
surface.  Heat  is  generated  in  the  volume  of  the  kernel;  therefore,  at  ignition,  the  kernel  is  at  the  least 
favorable  conditions  for  growth.  Adding  a  heat-absorbing  material  to  the  fuel-air  mixture  increases  the 
heat  loss  to  the  surroundings  at  the  surface  of  the  kernel.  There  is  no  increase  in  heat  generation; 
therefore  the  temperature  of  the  ignition  kernel  falls.  If  sufficient  heat-absorbing  material  is  present  in 
the  fuel-air  mixture,  the  ignition  process  fails. 
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Figure  Ic  is  particularly  interesting.  It  depicts  the  situation  in  which  an  agent  that  functions  by  a 
chemical  mechanism  is  added  to  a  fuel-air  mixture.  If  an  ignition  source  is  brought  into  contact  with  the 
mixture,  ignition  does  indeed  occur.  However,  there  is  no  sustained  fire,  even  if  there  is  an  available 
supply  of  fuel  and  air  (Finnerty  and  Dehn  1994). 

The  chemical  agent,  which  usually  contains  at  least  one  bromine  atom,  is  not  efficient  in  absorbing 
heat  weU  enough  to  prevent  ignition.  However,  once  ignition  occurs,  the  chemical  agent  quickly  quenches 
the  fire.  Hydrogen  bromide  is  fomied  and  is  an  efficient  agent  to  remove  free  radicals  from  the  flame. 
Therefore,  even  with  available  fuel  and  air,  the  flame  is  quenched. 

The  chemical  agent  does  not  become  efficient  until  a  flame  is  present,  then  the  agent  quickly  quenches 
it.  But  the  chemical  agent  will  allow  ignition  to  occur.  To  prevent  ignition  while  using  a  chemical  agent, 
enough  agent  must  be  used  so  that  its  heat-absorbing  characteristic  become  important. 

A  class  of  non-bromine-containing  compounds  that  may  act  as  chemical  fire-extinguishing  agents  is 
the  iodine-containing  chemicals.  Data  going  back  to  the  original  Purdue  work,  sponsored  by  the  Army 
after  World  War  II,  indicates  that  iodine-containing  materials  are  approximately  as  effective  as  bromine- 
containing  materials  in  extinguishing  fires  (Purdue  1950).  High  cost  and  concerns  about  toxicity,  in 
addition  to  the  effectiveness  of  the  bromine  agents,  caused  a  neglect  of  iodine  chemicals.  Iodine  agents 
became  interesting  when  production  of  bromine  agents  was  banned  (U.  S.  House  of  Representatives  1990). 
The  availability  of  compounds  of  fluorine,  carbon,  and  iodine  has  given  hope  for  a  low  toxicity  iodine 
agent.  Both  environmental  and  toxological  assessments  of  iodine  agents  are  proceeding  rapidly,  although 
not  yet  completed.  Of  prime  environmental  concern  is  the  ODP  of  perfluoroiodine  agents. 

2.  EXPERIMENTAL 

2.1  Agents.  The  chemicals  shown  in  Table  1  were  utilized  in  inerting  scenarios.  The  agents  were 
premixed  with  butane  (fuel)  and  air  before  ignition  was  attempted.  They  represent  several  classes  of 
compounds  which  are  being  pursued  as  potential  halon  replacement  agents,  in  addition  to  Halon  1301 
itself 

2.2  Apparatus.  Inerting  experiments  were  conducted  using  a  20-liter  stainless  steel  chamber 
(Figure  2).  With  a  stainless  steel  gasket  in  place  and  all  bolts  secured,  the  chamber  is  rated  at  a  maximum 
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MATERIAL 


(c)  In  presence  of  a  chemically  acting  fire  extinguishing  agent. 


Figure  1.  Ignition  of  fuel-air  mixture. 


Table  1.  Inerting  Agents 


Perfiuorobutane 

Perfluoroheptane 

Peifluoromethylcyclohexane 

Perfluoro  -  2  -  butyltetrahydrofuran 

FE  232  (1,1,1  -  Trifluoro  -  2,2  -  dichloroethane) 

1,1  -  Difluoro  -  2  -  bromoethylene 

Halon  1301  (Trifluoromethylbromide) 

Perfluoroethyl  Iodide 

Perfluoromethyl  Iodide 


safe  pressure  of  10.2  MPa  (1,500  psi).  Multiple  threaded  openings  into  the  chamber  allow  electrical  pass 
throughs,  valves,  and  pressure  gauges  to  be  used  with  the  chamber. 

Since  applications  of  this  work  wiU  be  to  Army  combat  vehicles,  aU  tests  were  conducted  at  an  initial 
total  pressure  of  0.1  MPa  (1  atmosphere).  Measured  amounts  of  fuel  (butane)  and  an  inerting  agent  were 
placed  in  the  20-liter  chamber.  Make-up  air  was  then  added  to  ambient  pressure.  Ignition  was 
accomplished  using  a  40-J  exploding  0.008-mm-diameter  nichrome  wire.  Any  pressure  spike  was 
recorded.  In  some  cases  the  atmosphere  in  the  chamber  was  analyzed  for  any  HF  produced  by  the 
fluorine-containing  agents  with  the  flame.  No  attempt  was  made  to  analyze  for  any  hydrogen  iodide  or 
hydrogen  bromide  which  may  have  been  formed  from  the  iodine  or  bromine-containing  agents. 

2.3  Procedure  for  a  Typical  Run.  A  length  of  0.(X)8-mm-diameter  nichrome  wire  was  wound  on  a 
Teflon  fitting  originally  intended  for  6-mm-diameter  tubing.  Clamps  connected  to  electrical  pass  throughs 
in  the  chamber  waU  were  used  to  make  contact  with  the  wire.  The  cover  of  the  stainless  steel  chamber 
was  bolted  shut.  A  vacuum  pump  was  used  to  evacuate  the  chamber  to  a  vacuum  of  0.1  kPa  (1  torr).  The 
desired  pressure  of  butane  was  added  and  the  value  was  read  from  a  digital  pressure  meter  (0  to 
1,0(X)  torr).  The  pressure  was  also  recorded  on  chart  recorder  paper.  In  the  case  of  gaseous  agents,  the 
desired  pressure  of  fire  suppression  agent  was  then  added.  Its  value  was  obtained  in  the  same  way  that 
the  butane  pressure  was  obtained.  Air  was  added  to  atmospheric  pressure  and  aU  valves  were  closed.  The 
power  supply  was  activated  and  the  chart  recorder  was  set  to  run.  The  power  supply  was  then  fired  to 
explode  the  nichrone  wire,  causing  ignition.  The  pressure  pulse  was  read  from  the  chart  recorder  paper. 
The  gases  in  the  chamber  could  then  be  analyzed  for  HF  formation. 

When  liquid  agents  were  used,  the  desired  volume  of  agent  was  placed  in  a  graduated  cylinder.  A 
Teflon  tube,  connected  to  one  of  the  valves  threaded  into  the  chamber,  was  inserted  into  the  graduated 
cylinder.  When  it  was  time  to  add  the  agent  to  the  chamber,  the  valve  was  opened.  Since  the  chamber 
was  at  a  pressure  weU  below  atmospheric,  the  agent  was  drawn  into  the  chamber  where  it  flash 
evaporated.  Air  then  entered  the  chamber  through  the  Teflon  tube  until  the  total  pressure  was  atmospheric. 
The  valve  was  then  closed.  The  ignition  process  was  then  carried  out  using  the  exploding  nichrome  wire. 
Analysis  of  HF  could  then  be  performed. 
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2.4  Analysis  of  HF.  The  basic  method  of  HF  analysis  utilized  a  specific  ion  electrode  that  responded 
to  fluoride  ion  concentration  in  aqueous  solution.  Under  the  proper  pH  conditions,  the  electrical  output 
of  this  electrode  is  not  influenced  by  any  bromide  or  iodide  which  might  be  present. 

Calibration  of  the  fluoride  concentration  was  carried  out  according  to  the  instructions  received  from 
the  supplier  of  the  electrode  (Omega  Engineering).  The  resulting  calibration  chart  is  presented  in 
Figure  3.  The  fluoride  concentration  in  Figure  3  refers  to  the  solution  into  which  the  specific  ion  electrode 
(and  a  reference  electrode)  is  placed. 

Any  HF  which  was  formed  during  an  experiment  was  collected  by  extracting  the  gases  from  the 
stainless  steel  chamber  and  bubbling  them  through  a  gas  washing  bottle  which  contained  a  solution  of 
potassium  hydroxide  in  water.*  The  number  of  moles  of  potassium  hydroxide  in  the  solution  was  at  least 
2.7  times  the  maximum  amount  of  HF  which  was  anticipated  for  any  experiment  (20,000  ppm). 

A  Teflon  tube  was  used  to  connect  the  output  of  a  stainless  steel  valve,  which  was  threaded  into  the 
chamber,  with  the  input  of  the  gas  washing  bottle.  The  output  of  the  gas  washing  bottle  was  connected, 
via  another  Teflon  tube,  to  the  input  of  a  diaphragm  pump.  The  output  of  the  pump,  after  passing  through 
a  gas  flow  measuring  device,  was  returned  to  the  stainless  steel  chamber  via  another  Teflon  tube.  The 
gas  flow  rate  was  2-liters  per  minute.  Collection  was  carried  out  for  30  min.  Thus,  three  volumes  worth 
of  the  chamber  were  bubbled  through  the  gas  washing  bottle. 

After  collection,  10  ml  of  the  solution  was  removed  by  a  pipette  and  dUuted  with  90  ml  of  a 
potassium  acetate-acetic  acid  buffer.  This  ensured  the  proper  pH  and  a  constant  ionic  strength  of  the  final 
solution  into  which  the  measuring  electrode  (and  a  reference  electrode)  was  placed.  The  voltage  of  the 
ceU  thus  formed  was  read  on  a  digital  pH-miUivolt  meter.  The  concentration  of  fluoride  ion  was 
determined  from  the  previously  established  calibration  graph  for  fluoride  ion.  The  total  amount  of  fluoride 
collected  was  easily  calculated,  as  was  the  original  concentration  of  HF  in  the  20-liter  chamber.  As  a 
check,  for  several  experiments,  two  gas  washing  bottles  were  used  in  series.  The  amount  of  fluoride 
collected  in  the  second  bottle  was  only  about  3%  of  the  amount  collected  in  the  first  bottle.  Since  it  was 
estimated  that  the  values  of  the  concentration  of  HF,  as  determined  by  this  method,  were  accurate  at  best 


*6.0  g  KOH  in  400  ml  of  solution. 
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Concentration  of  Fluoride  Ion  in  Moles/Liter 


Figure  3.  Voltage  of  fluoride  specific  ion  electrode  vs.  concentration  of  fluoride  ion  in  buffered  solution. 


to  only  about  3%  at  high  HF  concentrations  and  about  6.5%  at  low  HF  concentrations,  no  corrections  were 
made  to  the  calculated  concentrations  of  HF.  It  was  also  found  that  a  clean  stainless  steel  surface  inside 
the  chamber  gave  lower  HF  values  than  a  surface  coated  with  carbonaceous  material. 


The  original  concentration  of  HF  in  the  chamber  (at  STP  conditions)  was  calculated  knowing  the 
concentration,  C,  in  the  final  measuring  solution. 


ppm  HF  =  C 


moles 
1,000  ml 


90  ml  +  10  ml 


10  ml 


4(X)  ml  X  10°  ppm 
0.818  mole 


=  C  X  4.89  X  10°  ppm 


Therefore  the  voltage  from  the  fluoride  electrode  (and  reference  electrode)  was  converted  to  solution 
concentration,  C,  using  Figure  3.  The  concentration,  C,  was  then  multiplied  by  the  factor  4.89  x  10^  to 
obtain  the  concentration  of  HF,  in  ppm,  in  the  chamber.  The  relationship  of  cell  voltage  and  HF 
concentration  in  the  chamber  is  given  in  Table  2. 


Table  2.  Fluoride  Ion  Cell  Voltage  vs.  HF  Concentration  in  20-liter  Chamber 


Electrode 

Reading 

(mv) 

Concentration 
of  HF 
(ppm) 

Electrode 

Reading 

(mv) 

Concentration 
of  HF 
(ppm) 

+  110 

56 

■f  30 

1,370 

-1-  100 

86 

-(-  20 

2,078 

+  90 

126 

-1-  10 

3,179 

-1-  80 

186 

muQiiiiiii 

4,690 

-t  70 

264 

-  10 

7,091 

-1-  60 

420 

-  20 

10,513 

-1-  50 

587 

-  30 

15,648 

-(-40 

929 

-40 

23,472 
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3.  RESULTS 


Several  compounds  were  screened  for  their  ability  to  act  as  inerting  agents  for  butane-air  mixtures. 

The  compounds  were  chosen  largely  on  the  basis  of  classes  of  potential  halon  replacement  agents  they 
represented  and  on  availability.  The  testing  was  done  at  butane  pressures  of  38  torr  and  30  torr.  Even 

the  30-torr  butane  mixture  with  air  to  a  total  pressure  of  1  atmosphere  represents  a  fuel-rich  mixture  (based 
on  CO2  and  HjO  as  final  products).  Combustion  of  the  38-torr  butane  -  722-torr  air  (152  torr  Oj)  mixture 
can  be  represented  as 

C4H10  +  4O2  -I-  N2  ^  4CO  +  4H2O  +  H2  +  N2  (6) 

38  torr  152  torr  570  torr  152  torr  152  torr  38  tprr  570  torr  , 

assuming  that  CO  and  H2  are  products  of  incomplete  combustion. 

It  is  obvious  that  the  initial  pressure  spike  that  accompanied  ignition  should  subside  as  the  temperature 
falls  and  the  water  vapor  condenses.  When  the  temperature  returns  to  its  initial  value  and  the  water 
condenses,  the  final  pressure  is  identical  to  the  initial  pressure  plus  the  equilibrium  vapor  pressure  of  water 
at  room  temperature. 

The  pressures  of  the  agents  required  to  inert  the  butane-air  mixtures  (essentially  zero  pressure  increase 
upon  ignition)  along  with  the  pressure  increases  associated  with  smaller  agent  concentrations  were 
determined.  The  data  for  the  38-torr  butane  mixture  are  presented  in  Table  3. 

It  is  recognized  that  many  of  the  chemical  compounds  used  in  the  inerting  experiments  have  the 
potential  to  form  significant  quantities  of  HF  when  exposed  to  a  flame  environment.  Analysis  for  HF  was 
carried  out  for  mixtures  in  20-liter  chamber  after  some  of  the  inerting  experiments.  Concentrations  of  HF 
were  determined  in  parts  per  million  and  a  calculation  was  made  to  show  the  percent  of  agent  molecules 
required  to  yield  one  HF  each  in  order  to  obtain  the  amount  of  HF  found.  Data  for  the  30-torr  butane 
mixture  with  HF  analyses  are  given  in  Tables  4-7,  including  data  on  the  percent  of  agent  molecules 
yielding  an  HF  product  molecule,  assuming  only  one  HF  comes  from  one  agent  molecule.  The  values 
in  the  last  three  columns  of  Tables  4-7  are  averages  of  from  1-6  data  points. 
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Table  3.  Agent  Concentration  Required  to  Inert  a 

38-mm  Butane-Air  Mixture  at  1  Atmosphere 


Agent 

Percent  Required 
for  Zero 

Pressure  Increase 

Perfluoroethyl  Iodide 

4.38 

Halon  1301 

4.49 

Perfluoroheptane 

4.66 

Perfluoro  -  2  -  butyltetrahydrofuran 

4.70 

Perfluorohexane 

4.75 

Perfluoro  (methylcyclohexane) 

5.60 

FE232 

6.78 

Perfluorobutane 

7.90 

2  -  Bromo  -  1,1  -  difluoroethylene 

9.32 

The  pressure  spike  accompanying  ignition  is  given  in  kPa,  and  pounds  per  square  inch  (psi). 
Therefore,  AP  in  kPa  can  be  converted  to  AP  in  torr  by  mtiltiplying  kPa  in  the  last  column  of  Tables  4,  5, 
6,  and  7  by  7.6. 

4.  DISCUSSION 

4.1  Iff.  Tables  4,  5,  6,  and  7  show  the  calculated  percent  of  agent  molecules  which  yielded  an  HF 
molecule  during  the  inertion  experiments.  The  percent  of  agent  molecules  yielding  an  HF 

is  an  interesting  concept,  since  it  demonstrates  that  while  the  total  amount  of  HF  formed  may  be 
increasing,  it  is  possible  that  the  percent  of  agent  molecules  which  yield  an  HF  may  actually  be 
decreasing.  The  agent  can  become  more  efficient  in  its  inerting  role,  even  though  the  HF  concentration 
may  increase. 

4.2  Halon  1301.  Table  4  shows  that  when  Halon  1301  is  used  in  an  inerting  scenario,  over  30%  of 
the  agent  molecules  can  yield  an  HF  product  molecule.  This  occurs  when  the  concentration  of  the 
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Table  4.  Production  of  HF  When  Halon  1301  is  Used  as  an  Inerting 
Agent  in  a  Butane-Air  Mixture  at  1  Atmosphere 


Butane 

(torr) 

Halon  1301 
(torr) 

Halon  1301 
(%) 

HF 

(ppm) 

Halon  1301 

Molecules 

Yielding  An  HF 
(%) 

A  P 

(kPa)  (psi) 

30 

10 

1.3 

2,250 

17.1 

571 

84 

30 

20 

2.6 

4,620 

17.6 

570 

84 

30 

30 

3.9 

12,364 

31.3 

480 

71 

30 

40 

5.3 

10,270 

19.5 

224 

33 

30 

50 

6.6 

<51 

<0.1 

3 

0.5 

30 

60 

7.9 

<51 

<0.1 

0 

0 

30 

70 

9.2 

73 

<0.1 

0 

0 

Table  5.  Production  of  HF  When  Perfluorobutane  is  Used  as  an 
Inerting  Agent  in  a  Butane-Air  Mixture  at  1  Atmosphere 


Butane 

(torr) 

PFB 

(torr) 

PFB 

(%) 

HF 

(ppm) 

PFB  Molecules 
Yielding  An  HF 
(%) 

AP 

(kPa)  (psi) 

30 

10 

1.3 

2,440 

18.5 

575 

84.5 

30 

20 

2.6 

7,469 

28.4 

560 

82.3 

30 

30 

3.9 

11,227 

28.4 

526 

77.3 

30 

40 

5.3 

7,416 

14.1 

342 

50.2 

30 

50 

6.6 

6,360 

9.7 

61 

9 

30 

60 

7.9 

235 

0.3 

0 

0 

Halon  1301  is  high  enough  (3.9%  Halon  1301)  to  seriously  affect  combustion,  but  not  high  enough  to 
acmaUy  inert  the  mixture.  At  low  concentrations  of  Halon  1301  (1.3%),  the  mixture  appears  to  explode 
normally.  Flame  reaction  is  over  in  a  short  time.  There  is  little  time  for  Halon  1301  to  interact  with  the 
flame;  therefore,  only  a  relatively  small  (17.1)  percent  of  the  agent  molecules  yield  an  HF. 
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Table  6.  Production  of  HF  When  Perfluoroethyl  Iodide  is  Used  as  an 
Inerting  Agent  in  a  Butane- Air  Mixture  at  1  Atmosphere 


Butane 

(torr) 

PFEI 

(torr) 

PFEI 

(%) 

HF 

(ppm) 

PFEI 

Molecules 
Yielding  An  HF 
(%) 

AP 

(kPa)  (psi) 

30 

20 

2.6 

8,068 

30.7 

382 

56.2 

30 

25 

3.3 

7,089 

21.6 

222 

32.6 

30 

30 

3.9 

2,883 

7.3 

61 

8.8 

30 

40 

5.3 

1,708 

3.2 

17 

2.5 

30 

50 

6.6 

684 

1.0 

0 

0 

Table  7.  Production  of  HF  When  Perfluoromethyl  Iodide  is  Used  as  an 
Inerting  Agent  in  a  Butane-Air  Mixture  at  1  Atmosphere 


Butane 

(torr) 

PFMI 

(torr) 

PFMI 

(%) 

HF 

(ppm) 

PFMI 
Molecules 
Yielding  An  HF 
(%) 

A  P 

(kPa)  (psi) 

30 

20 

2.6 

<51 

0.2 

558 

82 

30 

25 

2.6 

3,230 

10.0 

567 

83.5 

30 

30 

3.9 

4,032 

10.2 

406 

59.7 

30 

40 

5.3 

1,470 

2.8 

149 

21.9 

30 

50 

6.6 

1,175 

1.8 

70 

10.3 

30 

60 

7.9 

206 

0.3 

3 

0.5 

At  high  concentrations  of  Halon  1301  (5.3%),  the  agent  has  a  strong  inerting  ability.  Only  weak, 
although  prolonged,  combustion  occurs.  Therefore,  a  relatively  small  percentage  (19.5)  of  the  halon 
molecules  produce  an  HF  molecule  in  the  weak  flame  zone. 
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In  the  mid-range  of  Halon  1301  concentrations,  there  is  not  enough  agent  to  inert  the  system,  yet  there 
is  enough  to  prolong  the  time  of  strong  combustion,  allowing  a  great  deal  of  interaction  of  the  Halon  1301 
and  free  radicals  in  the  flame  zone. 

4.3  Perfluorobutane.  Table  5  shows  a  qualitatively  similar  trend  with  perfluorobutane  as  was 

observed  with  the  halon.  At  low  concentrations  of  perfluorobutane  (3.9%),  as  much  or  even  more  HF  is 
produced,  compared  to  the  haloa  This  is  because  there  is  not  enough  agent  present  to  have  a  serious 
effect  on  the  combustion  process.  However,  there  are  more  fluorine  atoms  available  per  agent  molecule 
leading  to  more  HF  formation. 

At  the  high  end  of  agent  concentration  (over  6.6%)  the  perfluorobutane,  which  fimctions  by  a  heat¬ 
absorbing  mechanism,  is  able  to  inert  the  mixture — actually  preventing  flame.  This  virtually  eliminates 
any  HF  formations. 

In  the  mid-range  of  concentrations,  the  perfluorobutane  produces  less  HF  than  the  halon.  This  is 
probably  due  to  the  heat-absorbing  agent  lowering  the  flame  temperature  and  concentration  of  free 
radicals. 

4.4  Perflouroethyl  Iodide.  Table  6  gives  the  results  of  the  inerting  experiments  with  perfluoroethyl 
iodide.  At  the  low  end  of  the  agent  concentration  (3.3%  or  less),  there  is  insufficient  agent  to  seriously 
affect  combustion.  Production  of  HF  is  as  high  as  with  perfluorobutane.  At  the  high  end  of  concentration 
(approximately  5.3%),  perfluoroethyl  iodide  is  more  effective  than  the  heat-absorbing  agent, 
perfluorobutane,  and  much  more  effective  than  the  chemical  agent,  Halon  1301.  In  the  mid-range  of  agent 
concentration,  the  perfluoroethyl  iodide  is  also  more  effective  than  either  of  the  two  other  agents. 

The  perfluoroethyl  iodide  appears  to  be  acting  like  a  superior  heat-absorbing  agent;  but,  in  an  obvious 
comparison  to  Halon  1301,  it  is  predicted  to  be  a  chemical  agent,  with  the  iodine  atoms  reacting  with  free 
radicals  in  a  fashion  similar  to  bromine  atoms  of  Halon  1301  reacting  with  free  radicals(5).  Thus,  in  the 
case  of  perfluoroethyl  iodide, 

C2F5I  H  .  ^  C2F5  *  +  HI  (7) 

HI  +  H  •  H2  -t-  I  •  (8) 
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(9) 


I  •  +  I  •  +  M  ->  l2  +  M* 

I2  +  H*-^HI  +  I-  -  (10) 


adding  (8),  (9),  and  (10)  gives 


H  •  +  H  •  ^  H2 

The  HI,  fonned  from  C2F5I  in  a  flame,  should  cause  the  catalytic  combination  to  hydrogen  atoms  into 
H2.  While  the  chemical  action  of  C2F5I  in  a  flame  is  probably  correct,  there  may  also  be  a  mode  of 
operation  of  C2F5I  as  a  heat-absorbing  agent.  It  is  possible  that  the  weak  carbon-to-iodine  chemical  bond 
can  be  broken  at  a  low  enough  temperature  to  act  as  a  heat  sink  under  incipient  ignition  conditions. 

C2F5I  ^  C2F5  • -I- 1  •  (11) 

A  H  =  +  57  kcalAnole,  or  less(6)  (Masterton  and  Slovinski  1977). 

If  this  heat  sink  concept  is  correct,  perfluoroethyl  iodide  may  be  able  to  act  as  both  a  good  inerting 
agent  and  a  good  fire-extinguishing  agent. 

4.5  Perfluoromethyl  Iodide.  Table  7  gives  the  results  of  the  inerting  experiments  using 
perfluoromethyl  iodide.  Up  to  and  including  25  torr,  the  agent  is  not  effective  in  inerting  the  butane  air 
mixtures.  The  pressure  pulse  associated  with  ignititon  are  quite  high  with  a  high  flame  spread.  Little  HF 
is  formed  under  these  conditions. 

At  30  torr  and  above,  perfluoromethyl  iodide  is  more  effective.  Pressure  pulses  diminish  with 
increasing  agent  pressure.  Interestingly,  the  percent  of  agent  molecules  yielding  an  HF  molecule  is  never 
high,  reaching  a  maximum  of  10.2%  at  30  torr.  This  agent  is  less  effective  than  perfluoroethyl  iodide  at 
this  concentration,  but  more  effective  than  Halon  1301  and  perfluorobutane  at  the  same  concentrations. 

At  higher  concentrations  (50  torr  and  above),  perfluoromethyl  iodide  is  less  effective  than  either 
Halon  1301  or  perfluoroethyl  iodide.  All  in  all,  perfluoromethyl  iodide  appears  to  be  approximately  as 
effective  as  Halon  1301  as  an  inerting  agent,  but  not  as  good  as  perfluoroethyl  iodide. 
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An  interesting  observation  is  that  when  analyzing  for  HF,  a  yellow  powder  frequently  formed  in  the 
final  solution  (after  10  ml  of  the  collection  solution  was  dissolved  in  90  ml  of  the  acetate  buffer).  It  was 
also  sometimes  observed  in  the  glass  lines  of  the  gas  washing  bottle.  It  was  even  observed  on  the  inner 

walls  of  the  20-liter  chamber.  However,  it  was  never  observed  when  using  perfluoroethyl  iodide. 


No  analysis  of  the  yeUow  solid  was  attempted,  but  it  was  speculated  that  it  could  be  iodine.  Often, 
with  precipitated  solids,  the  color  is  due  more  to  particle  size  than  to  the  nature  of  the  solid. 

5.  CONCLUSIONS 

5.1  Halon  1301  and  Perfluorobutane.  Inerting  experiments  with  Halon  1301,  an  agent  which 
extinguishes  fire  primarily  by  a  chemical  mechanism,  and  perfluorobutane,  an  agent  which  functions 
primarily  by  a  heat  extraction  mechanism  showed  that: 

(1)  Neither  type  of  agent  produced  much  HF  if  the  agent  is  used  in  such  smaU  quantities  that  it  has 
little  affect  of  the  combustion  of  a  premixed  fuel-air  system.  There  is  little  time  for  a  fluorine 
atom  to  be  extracted  from  the  agent  molecule,  since  the  flame  transverses  the  mixture  at  normal 
flame  speed.  This  result  might  not  hold  if  a  supply  of  liquid  or  solid  fuel  were  present  to  prolong 
combustion. 

(2)  When  used  in  large  amounts,  the  heat-absorbing  agent  quenches  flame  rapidly,  giving  little 
HF,  even  when  used  in  concentrations  large  enough  to  quench  the  flame. 

(3)  Both  types  of  agents  produce  excessive  amounts  of  HF  if  used  in  amounts  large 

i 

enough  to  slow  down  combustion,  but  not  large  enough  to  quench  the  flame.  The  prolonged 
combustion  produces  much  more  HF  from  both  types  of  agents.  The  time  the  agent  spends  in 
the  flame  zone  is  apparently  very  important  in  determining  the  amount  of  HF  produced. 

5.2  Perfluoroethyl  Iodide  and  Perfluoromethyl  Iodide.  Inerting  experiments  using  perfluoroethyl 
iodide  and  perfluoromethyl  iodide  showed  that: 

i 

j 

(1)  In  the  case  of  perfluoroethyl  iodide,  significant  amounts  of  HF  were  found  only  when 
the  concentration  of  the  agent  was  so  small  that  flame  quenching  was  not  accomplished. 
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However,  this  occxirred  only  at  low  agent  concentration,  so  that  the  total  amount  of  HF  produced 
was  not  great  At  higher  concentrations,  the  inerting  effect  from  perfluoroethyliodide  is 
significant  and  prevents  the  formation  of  large  amounts  of  HF.  The  low  bond  strength  of  the 
cartx)n-to-iodine  bond  provides  a  heat  sink  at  relatively  low  temperatures,  hindering  the  ignition 
process. 

(2)  Perfluoroethyl  iodide  is  much  better  suited  to  the  role  of  inerting  agent  than  either  perflourobutane 
or  Halon  1301. 

(3)  Perfluoromethyl  iodide  is  approximately  as  effective  as  Halon  1301  as  an  inerting  agent  for  a 
butane-air  mixture. 

(4)  Perfluoromethyl  iodide  is  not  as  effective  as  perfluoroethyl  iodide  as  an  inerting  agent  but  superior 
to  perfluorobutane  for  inerting  a  butane-air  mixture. 

5.3  General.  As  is  generally  recommended  in  fire  suppression  scenarios,  the  best  course  of  action 
is  to  use  sufficient  agent  to  extinguish  the  incipient  fire  as  quickly  as  possible.  When  there  is  the 
possibility  of  the  formation  of  toxic  by-products  from  the  fire  extinguishing  agent,  it  becomes  even  more 
important  to  quench  the  fire  immediately  or,  at  least,  to  allow  cmly  the  minimum  possible  amount  of 
chemical  reaction  to  take  place.  The  agents  tested,  all  of  which  contain  fluorines,  produced  the  least 
amount  of  HF  when  large  amounts  of  the  agents  were  used  and  the  combustion  processes  were  quenched 
at  the  ignition  stage. 

There  is  a  practical  method  of  premixing  a  fire  extinguishing  agent  with  a  fuel  spray  in  a  combat 
scenario.  If  the  fuel  cell  is  surrounded  by  a  jacket  of  fire  extinguishing  agent,  as  described  in  a  previous 
ARL  report  (Finnerty  and  Dehn  1994),  the  agent  will  be  released  with  the  fuel  spray  when  the  cell  is 
attacked  by  a  weapon.  The  agent  and  fuel  are  mixed  before  ignition  occurs.  The  jacketed  fuel  ceU  was 
shown  to  be  an  effective  method  of  preventing  ignition  of  fuel  that  sprayed  out  of  ruptured  fuel  cells. 
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ATTN  AMSRL  OP  IS  FI  E  CZAJKOWSKI  JR 
US  ARMY  RESEARCH  LABORATORY 
2800  POWDER  MILL  RD 
ADELPHI  MD  20783-1145 

1  COMMANDER 

ATTN  AMCPD  D  VERDONK 
US  ARMY  MATERIEL  COMMAND 
5001  EISENHOWER  AVE 
ALEXANDRIA  VA  22333-0001 

3  COMMANDER 

ATTN  AMSTA  JSS 
J  THOMPSON 
S  MCCORMACK 
M  CLAUSON 
US  ARMY  TARDEC 
WARREN  MI  48397-5000 

2  COMMANDER 

ATTN  AMSTA  UEB  MR  RAO 
AMSTA  WF  J  MIATECH 
US  ARMY  TARDEC 
WARREN  MI  48397-5000 

1  PEO  ASM 

ATTN  SFAE  ASM  S  C  BEAUDETTE 
US  ARMY  TARDEC 
WARREN  MI  48397-5000 

1  PM  AFAS 

ATTN  SFAE  ASM  AF  T  KURIATA 

US  ARMY  TARDEC 

PICATINNY  ARSENAL  NJ  07806-5000 

1  DIR 

FIRE  SERVICES 
ATTN  CEHSC  FB  I  B  PARK 
US  ARMY  ENGINEERING  AND 
HOUSING  SUPPORT  CENTER 
FT  BELVOIR  VA  22060-5516 


2  COMMANDER 

ATTN  SFAE  ASM  SS 

MRYZYI 

PM  SURVIVABILITY  SYSTEMS 

USARMYTRADOC 

WARREN  MI  48397-5000 

1  COMMANDER 

ATTN  SFAE  ASM  SS  T  DEAN 
US  ARMY  TRADOC 
WARREN  MI  48397-5000 

1  COMMANDER  TRADOC 

ATTN  J  PARKER 
U.S.  ARMY  TRADOC 
FT  MONROE  VA  23651-5000 

1  COMMANDER 

ATTN  ATSB  CD  S  G  SKAFF 
US  ARMY  ARMOR  SCHOOL 
FT  KNOX  KY  40121-5215 

1  US  NAVAL  RESEARCH  LABORATORY 

ATTN  CODE  6180  R  SHEINSON 
NAVY  TECHNICAL  CENTER  FOR 
SAFETY  AND  SURVIVABILITY 
WASHINGTON  DC  20375-5000 

1  US  AIR  FORCE 
ATTN  M  BENNETT 
WRIGHT  LABORATORY 
MATERIALS  DIRECTORATE 
WRIGHT  PATTERSON  AFB  OH  45433 

2  HQ  AFESC  RDCF 
ATTN  C  RISINGER 

FIRE  TECHNOLOGY  BRANCH 

W  BANNISTER 

TYNDALL  AFB  FL  32403-6001 

1  HQAMC 

ATTN  AMSMC  SFP  R  LOYD 
ROCK  ISLAND  IL  61299-6000 

1  US  BUREAU  OF  MINES 

ATTN  M  SAPKO 

PITTSBURGH  RSRCH  CTR  FIRES  &  EXPLOSIONS 
COCHRANS  MILL  RD 
PITTSBURGH  PA  15236 
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NO.  OF 
COPIES 

2 

1 

2 

1 

1 

1 

1 

1 

1 


ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


NATL  INST  OF  STANDARDS  &  TESTING 

ATTN R GANN 

WTSANG 

NATIONAL  BUREAU  OF  STANDARDS 
GAITHERSBURG  MD  20899 

NEW  MEXICO  ENGRG  RSRCH  INSTITUTE 
ATTN  R  TAPSCOTT 

CTR  FOR  GLOBAL  ENVIRON  TECHNOLOGIES 
901  UNIVERSITY  BLVD  SE 
ALBUQUERQUE  NM  871064339 

SOUTHWEST  RESEARCH  INSTITUTE 

ATTN  B  WRIGHT 

PZABEL 

6220  CULEBRA  RD 
SAN  ANTONIO  TX  78284 

BRTRC 

ATTN  A  REMSON 
370  MAPLE  AVE  W 
VIENNA  VA  22180 

SUPPRESSION  SYSTEMS  ENGINEERING  INC 
ATTN  REX  GORDON 
2005  DE  LA  CRUZ  BLVD  #118 
SANTA  CLARA  CA  95050 

BMY  COMBAT  SYSTEMS 
ATTN  JANE  JOHNSON 
PO  BOX  15512 
YORK  PA  17405-1512 

TRW  SYSTEMS  ENGRG  &  DEV  DIV 
ATTN  GEORGE  SCHNEICKERT 
SYSTEMS  INTEGRATION  GROUP 
1650  RESEARCH  DR  SUITE  115 
TROY  MI  48083 

D  R  KENNEDY  &  ASSOCIATES  INC 
ATTN  D  KENNEDY 
PO  BOX  4003 

MOUNTAIN  VIEW  CA  94040-0003 

ZALLEN  INTERNATIONAL  ASSOCIATES 
ATTNDZALLEN 
14216  TURNER  COURT  NE 
ALBUQUERQUE  NM  87123 


1  BLAZE  TECH 

ATTN  N  A  MOUSSA 
145  HIGHLAND  AVE 
WINCHESTER  MA  01890-1435 

1  SYSTRON  DONNER 

ATTN  D  WARREN 
SAFETY  SYSTEMS  DIVISION 
935  DETROIT  AVE 
CONCORD  CA  94518-2592 

1  SURVICE  ENGINEERING  CO 
ATTN  R  LEVY 

1003  OLD  PHILADELPHIA  RD 
SUITE  103 

ABERDEEN  MD  21001 

ABERDEEN  PROVING  GROUND 

18  DIR  USARL 

ATTN  AMSRL  WT  L  PUCKETT 

AMSRL  WT  PC  A  MEIOLEK 
AMSRL  WT  TA  J  DEHN 
AMSRL  WTTB 
RFREY 
J  WATSON 
A  FINNERTY  (10  CPS) 
AMSRL  SL  BD 
J  PLOSKONKA 
R  WOJCIECHOWSKI 
PKUSS 

3  DIR  USACSTA  EN 
ATTN  C  HERUD 
WBOLT 
DERDLEY 

2  DIR  USAMSAA 
ATTN  M  CARROL 

LKRAVTTZ 

1  CDR  USATECOM 

ATTN  N  HARRINGTON 

3  DIR  USACSTA 
ATTN  STECS  LI  U 

S  POLYANSKI 
J  MILLER 
B  SOKOLIS 
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USER  EVALUATION  SHEET/CHANGE  OF  ADDRESS 


This  Laboratory  undertakes  a  continuing  effort  to  improve  the  quality  of  the  reports  it  publishes.  Your  comments/answers 
to  the  items/questions  below  wiU  aid  us  in  our  efforts. 

1 .  ARL  Report  Number  ARL-TR-733 _ Date  of  Report  April  1995 _ 

2.  Date  Report  Received  _ _ 

3.  Does  this  report  satisfy  a  need?  (Comment  on  purpose,  related  project,  or  other  area  of  interest  for  which  the  report 

will  be  used.) _ _ _ 


4.  Specifically,  how  is  the  report  being  used?  (Information  source,  design  data,  procedure,  source  of  ideas,  etc.) 


5.  Has  the  information  in  this  report  led  to  any  quantitative  savings  as  far  as  man-hours  or  dollars  saved,  operating  costs 
avoided,  or  efficiencies  achieved,  etc?  If  so,  please  elaborate. _ 


6.  General  Comments.  What  do  you  think  should  be  changed  to  improve  future  reports?  (Indicate  changes  to 
organization,  technical  content,  format,  etc.) _ 


Orgattization 


CURRENT  Name 

ADDRESS  _ 

Street  or  P.O.  Box  No. 


City,  State,  Zip  Code 

7.  If  indicating  a  Change  of  Address  or  Address  Correction,  please  provide  the  Current  or  Correct  address  above  and  the 
Old  or  Incorrect  address  below. 


Organization 


OLD  Name 

ADDRESS  _ 

Street  or  P.O.  Box  No. 


City,  State,  Zip  Code 


(Remove  this  sheet,  fold  as  indicated,  tape  closed,  and  mail.) 
(DO  NOT  STAPLE) 


